The homogeneous base-catalyzed methanolysis of waste cooking oil (WCO) was investigated at a methanol:WCO molar ratio of 6:1, the initial KOH amount of 1% (based on the oil weight) and moderate temperatures (30 o C to 60 o C) with the aim to model the methanolysis reaction kinetics. It was observed that the methanolysis reaction occurred via a pseudo-homogeneous regime where the chemical reaction controls the overall process kinetics and with no mass transfer limitation. It was shown that irreversible pseudo-first and -second order reactions were reliable for describing the methanolysis reaction. However, a better fitting of experimental data was observed by using the irreversible pseudo-second order kinetic model. The reaction rate constant increased with increasing the reaction temperature and at 60 o C the WCO conversion of 97% was achieved in 3 minutes. The final products satisfied the EN 14214 biodiesel standard specifications.
Introduction
Technological development, global warming and the increase of the environmental pollution have directed scientific research towards alternative and ecologically acceptable energy resources. One of them, biodiesel, which is a mixture of fatty acid alkyl esters (FAAE) derived from different renewable sources rich in triacylglycerols (TAG), has a great significance. The basic feedstocks for industrial biodiesel production are edible vegetable oils but their usage is restricted by their consumption in human nutrition and food industry, as well as by their high cost. In order to overcome these limitations, the researchers and biodiesel manufacturers focus their attention on using low-cost feedstocks such as waste cooking oil (WCO).
WCOs are promising feedstocks for the biodiesel production because of their lower price than that of pure edible vegetable oils, relatively easy availability and possibility for solving their dumping problems and pollution of the water and land resources [1] . An important fact is that the use of WCO as a feedstock reduces the biodiesel production cost by about 60-70% [1] . Although there is a lack of information of the worldwide WCO production, Lam et al. [2] have reported that there is enough WCOs to be considered as a significant feedstock for the biodiesel production. The biodiesel production from WCOs depends on their physico-chemical properties and primarily on their content of free fatty acids (FFAs) and water.
In the biodiesel production from WCOs, both catalyzed and non-catalyzed alcoholysis reactions have been employed. The homogeneously-catalyzed reaction is still most often used for the biodiesel production. Basecatalyzed acoholysis is used for biodiesel synthesis from WCO with the lower content of FFA. Acid catalysts are suitatable for the biodiesel production from WCOs with the high FFA content since they simultaneously catalyze esterification and the alcoholysis reaction [3] . Requiring stronger reaction conditions and longer time for completition, acid-catalyzed methanolysis is less important than the base-catalyzed reaction [4, 5] . Two-step processes for the biodiesel production consisting of acid-catalyzed esterification of FFA in WCO and base-catalyzed methanolysis of the treated oil from the first step are promissing for the biodiesel production from WCOs with the high FFA content. The use of acid catalysts allows the FFA conversion to alkyl esters, thus reducing the FFA content, and the aloholysis of the treated oil over a base catalyst can be performed. A short review of one-and two-step processes for FAAE synthesis from WCOs is given in Table 1 .
The knowledge of the alcoholysis reaction kinetics is fundamental for the process development and the reactor design, operation, scale-up, analysis and control. The alcoholysis reaction kinetics is necessary for establishing the mathematical model describing the reaction rate and the product yield. In the studies of homogeneously catalyzed methanolysis two stages are well-recognized. The initial heterogeneous stage is controlled by the mass transfer rate caused by the incomplete miscibility of the reactants, while the second, pseudo-homogeneous stage is chemically controlled.
The kinetics of the methanolysis reaction of various oily feedstocks is described by different kinetic models. Some of them are based on the stepwise reversible alcoholysis reaction [17, 18] and include the side saponification reactions [19] . Recently, the models that assume the irreversible overall reaction have been more frueqently used because of their simplicity, no complex computation and good accuracy. The most often used reaction kinetic models are irreversible pseudo-first order [20] [21] [22] [23] [24] [25] [26] or -second order [22, 23, [27] [28] [29] [30] [31] [32] and irreversible pseudosecond order followed by reversible second-order [33] [34] [35] [36] [37] .
The present paper deals with the KOH-catalyzed methanolysis of the WCO collected from food cooking in a local household. The reaction was examined at a methanol:WCO molar ratio of 6:1, the initial KOH amount of 1% (based on the oil weight) and moderate temperatures (30 o C to 60 o C). The main aim was to model the reaction kinetics using simple irreversible reaction rate laws like pseudo -first and -second order, and to select the more appropriate one with respect of the goodness of fit and accuracy. Furthermore, the obtained ester product was purified and characterized in order to estimate its quality for the use as biodiesel. (1) where A is TAG, B is methanol, R is fatty acid methyl esters (FAME) and S is glycerol.
It is considered that the overall reaction occurs in one step, although it actualy occurs via three consecutive reversible reactions where TAG stepwise converted in glycerol and FAME. This assumption is proved by too small concentrations of mono-and diacylglycerols (MAGs and DAGs, respectively) because of their much faster consumption rates in comparison to that of TAGs.
b) Because of the agitation intensity of the reaction mixture, the reaction mixture is considered as a pseudo-homogeneous system without the mass transfer limitation, so the overall process kinetics is chemically controlled [38] [39] [40] . Also, the reaction mixture is perfectly mixed, ensuring its uniform composition.
c) The methanolysis reaction is an irreversible pseudo-first-or -second order reaction with respect to TAG [22, 23, 32] . Because of the excess of methanol and a low product concentration in the early reaction period, the reverse reactions are negligible.
d) The neutralization reaction of FFAs is ignorable because of their very low content (section 3.1). The saponification reaction is also negligible at the low initial catalyst amount and reaction temperature. Vicente et al. [41] showed that the saponification reactions were insignificant because it accounted for a FAME yield loss of no more than 3 mol% when the sunflower oil methanolysis was carried out at 65 o C, using 1% of KOH and a 6:1 sunflower oil:methanol molar ratio. We expected the FAME yield loss to be even lower for the reactions carried out at lower temperatures.
According to the assumption (c), the TAG conversion rate can be expressed as irreversible pseudo-first order or -second order kinetic law, respectively: where k 1 and k 2 are reaction rate constants for the irreversible pseudo-first and -second order reaction, respectively, and C A is TAG concentration in the oil phase. Since:
. (6) where c Ao is the initial TAG concentration. Taking into account the initial reaction condition ( t=0, x A =0 ), the integration of Eqs. (5) and (6) The reaction rate constants k 1 and k 2 can be estimated from the slope of the linear dependence of and on t, respectively.
The significance of the model was statistically evaluated based on the mean relative percent deviation (MRPD) and the coefficient of determination (R 2 ) calculated by Eqs. (9) and (10) (10) where X Ap and X Aa are predicted and experimental values of the TAG conversion degree, respectively, X Am is the mean value of the TAG conversion degree (%) and n is the number of experimental runs.
Materials and methods

Materials
The used WCO was collected in a local household from food cooking using the commercial sunflower oil. The oil was used for several times at the cooking temperature of about 150 °C. The oil density and viscosity, determined at 20 o C, were 920 g/L and 108 mPa s, respectively. Having the acid value of 0.36 mg KOH/g, the WCO could be processed by the KOH-catalyzed methanolysis [42] . The iodine and saponification values of the oil were 128 g I 2 /100 g and 184 mg KOH/g, respectively. The water content of the WCO, measured by the cou-lometric Karl Fischer volumetric titration was 380 ppm (0.38%), which was slightly above the limited value of 0.3% [42] . The fatty acid composition of the WCO was determined by GC and GC-MS analysis [43] . The WCO consisted of palmitic (7.25%), stearic (3.47%), arachidic (0.15%), oleic (29.36%), linoleic (59.43%) and linolenic (0.14%) acid. Methanol (99.5%) and KOH (pellets; 85%) were from Zorka-Pharma (Serbia) and Lach-Ner (Czech Republic), respectively. HCl (36%) and anhidrous Na 2 SO 4 were purchased from Centrohem (Serbia) and Sigma Aldrich (USA). HPLC grade methanol and n-hexane were obtained from Promochem LGC (Germany), while isopropanol was from Carlo Erba (Italy). HPLC standards for methyl esters and glycerides were obtained from Sigma Aldrich (USA).
Equipment, reaction conditions and procedure
The experiments were performed in a three-neck glass flask (250 mL) equipped with a condenser and a magnetic stirrer. The agitation intensity was kept constant at 600 rpm in all experiments by using a voltage regulator. The reactor was immersed in a glass chamber filled with water circulating from a thermostated bath in order to maintain the reaction temperature at desired levels. The methanolysis reaction of the WCO was carried out at temperatures 30, 45 or 60 o C, the 6:1 methanol:WCO molar ratio and the KOH amount of 1% (based on the oil weight) under atmospheric pressure.
Methanol (10.14 g) and KOH (0.4596 g) were agitated in the reactor at the desired temperature until the all catalyst amount was dissolved in methanol. The WCO (45.96 g) was thermostated separately and added to the reactor. As soon as the magnetic stirrer was turned on, the reaction was timed. During the reaction, the samples (1 mL) were removed from the reaction mixture, immediately quenched by adding a required amount of the aqueous HCl solution (11% vol.) to neutralize the KOH and then centrifuged (3500 rpm for 15 min). The upper layer was withdrawn, dissolved in the isopropanol/n-hexane (5:4 v/v) mixture in a ratio 1:200 and filtered through a 0.45 μm Millipore filter. The obtained filtrate was utilized for the HPLC analysis that gave contents of FAMEs, TAGs, DAGs and MAGs in the ester/oil phase [33] . The conversion degree of TAGs during the reaction was calculated from the initial and actual (TAG 0 and TAG, respectively) content of TAGs (%) in the FAME/oil fraction as follows: FAME purification and characterization After the reaction completition, the reaction mixture was poured into a separating funnel and left to separate in two (esters and alcohols) layers. The remained catalyst in the upper ester layer was carefully neutralized by adding the HCl solution (1 mol/L), which was gravitationaly separate. Then, distilled water and the ester phase were mixed in the volume ratio of 1:5 in the separating funnel. After shaking, the two-phase mixture was left to separate to the ester layer and the water phase. At the end, the washed ester phase was dried using anhydrous Na 2 SO 4 that was removed by filtration. The final ester product was characterized according to the biodiesel standard methods.
Results and discussion
Analysis of methanolysis reactions
The change of the reaction mixture composition with time at 30 o C is shown in Figure 1 . Generally, two reaction periods could be observed: the initial period during which the reaction was very fast, indicating no liquidliquid mass transfer limitation, followed by the second period, longer than the first one, where the composition evolved slowly towards the reaction completition. Simultaneously, with the increase of the FAME content during the reaction, the TAG content decreased. The shapes of curves are typical for homogeneous base-catalyzed methanolysis of vegetable oils in the absence of mass transfer limitation in the initial reaction period. Depending on the reaction temperature, the FAME content of above 98 % was achieved at all three reaction temperatures, but for different reaction times. In the present study, the high FAME formation was obtained in a much shorter reaction time compared to the conversion degrees for WCO in the previous studies ( Table 1) . The MAG and DAG concentrations slowly increased in the initial reaction period, then decreased and stayed nearly constant at negligible levels up to the end of the reaction. These very low concentrations verified the assumption (a). At higher reaction temperatures (45 o C and 60 o C), the same type of variations of TAG, MAG, DAG and FAME concentrations were observed, provided that the FAME formation was much faster than that at 30 o C. The positive influence of the reaction temperature on the reaction rate was observed in the previous investigations of WCO methanolysis [7, 9, 10] . o C (FAME -•; MAG -▲; DAG -■; TAG -○) 4(1) (2015) [33] [34] [35] [36] [37] [38] [39] [40] [41] Modeling the kinetics of the WCO methanolysis reaction
The kinetic of the WCO methanolysis reaction was described by the irreversible pseudo-first and -second order reaction rate law with respect to TAG. In Figure  2 , the dependences of and on time are shown. The observed linear dependences confirm Eqs. (7) and (8) . The reaction rate constants k 1 and k 2 were calculated from the slope of the corresponding linear curves, and their values are given in Table 2 along with the coefficient of determination (R 2 ). As expected, the reaction rate constants increased with increasing the reaction temperature. The high values of R 2 confirmed the acceptability of both proposed kinetic models for describing the kinetic of the KOH-catalyzed WCO methanolysis. Slightly higher R 2 values were observed for the irreversible pseudosecond order reaction, thus indicating that it was more adequate for modeling the kinetics of WCO methanolysis. The accuracy of the applied kinetic models were also compared based on the MRPD (%) between corresponding predicted and actual values of TAG conversion degree. The value of MRPD for irreversible pseudo-first and -second order kinetic models were ±2.53% and of ±1.45% (for 32 data), respectively. Based on the R 2 and MRPD values, the irreversible pseudo-second order was accepted as more adequate for describing the kinetics of the base-catalyzed WCO methanolysis. The irreversible pseudo-second order kinetic model was the most appropriate for modeling the methanolysis reaction of O. acanthium L. oil [32] and sunflower oil after the initial mass transfer limitation [36] . The kinetics of base-catalyzed palm and sunflower oil ethanolysis [31, 35] was also described by pseudo-second order reaction. Georgogianni et al. [22, 23] found out that both irreversible pseudo-first and -second order reactions were reliable for modeling the base-catalyzed conventional (under mechanical stirring and ultrasonication) and in situ methanolysis of cottonseed and sunflower oil. However, due to higher R 2 value obtained for the first order reaction, they stated that the reaction was rather pseudo-first than second order. (12) where A is the pre-exponential factor, Ea is the activation energy, and R is the gas constant. The values of the activation energy, calculated from the slope of the linear dependence of lnk vs 1/T (Figure 3 ), were 43.4 kJ/mol and 58.5 kJ/mol for irreversible psedo-first and -second order reactions. Generally, these values are within the range of the activation energy for methanolysis of different oily feedstock [21, 29, 32, 36, 44] .
Simulation of methanolysis process
The values of the TAG conversion degree for the irreversible psedo-first and -second order reactions were calculated by Eqs. (13) and (14) o C were ±3.3%, ±2.4% and ±1.8%, respectively for the irreversible pseudo-first order kinetic model and ±3.2%, ±0.36% and ±0.48%, respectively for the irreversible pseudo-second order kinetic model. Lower values of MRPD observed for the latter model confirmed its slightly better accuracy in fitting the experimental data than the former model. 
Biodiesel properties
The characteristics of the final FAME product obtained by the WCO methanolysis are given in Table 3 . For comparison, the characteristics of the esters obtained in the previously reported studies of the homogeneous basecatalyzed alcoholysis of WCO, as well as the specification of the biodiesel standard quality, are also presented in Table 3 . The physico-chemical characteristics of the biodiesel from WCO generally satisfied the EN 14214 standard specifications. The exception was the iodine value, which was higher than the maximum value allowed by the European biodiesel standard EN14214. On the other side, the USA ASTM D6751 standard does not specify its value. Based on the new consideration, the limitation of the iodine value does not seem to be necessary [45] . Table 3 . Properties of biodiesel produced from homogeneous base-catalyzed alcoholysis of WCO
Conclusion
The KOH-catalyzed methanolysis of WCO was studied at moderate reaction temperatures. The methanolysis reaction was shown to be only chemically controlled. Based on the lower MRPD values between the experimental and calculated values of the TAG conversion degree and higher R 2 values, the irreversible pseudosecond order reaction rate was chosen for modeling the reaction kinetics. A higher conversion degree (97%) within a shorter reaction time (3 min) was obtained at the highest reaction temperature of 60 o C. The activation energy of the WCO methanolysis reaction was in the range of the values reported for methanolysis of different oily feedstock. The final products satisfied the EN 14214 biodiesel standard specifications.
